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Signiﬁcant amounts of spent uranium dioxide nuclear fuel are accumulating worldwide from decades of
commercial nuclear power production. While such spent fuel is intended to be reprocessed or disposed in
geologic repositories, out-of-reactor radiation damage from alpha decay can be detrimental to its struc-
tural stability. Here we report on an experimental study in which radiation damage in plutonium dioxide,
uranium dioxide samples doped with short-lived alpha-emitters and urano-thorianite minerals have
been characterized by XRD, transmission electron microscopy, thermal desorption spectrometry and
hardness measurements to assess the long-term stability of spent nuclear fuel to substantial alpha-decay
doses. Defect accumulation is predicted to result in swelling of the atomic structure and decrease in
fracture toughness; whereas, the accumulation of helium will produce bubbles that result in much larger
gaseous-induced swelling that substantially increases the stresses in the constrained spent fuel. Based on
these results, the radiation-ageing of highly-aged spent nuclear fuel over more than 10,000 years is
predicted.
 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Plutonium and minor actinides (americium, curium) constitute
a small but very radiotoxic fraction of the elements produced
in today’s widely used UO2 fuel but also in the mixed oxide
(Ux, Pu1x)O2 fuel (MOX) during the production of electricity from
nuclear reactors. These elements pose the main problems for
non-proliferation issues, spent fuel disposition (the spent fuel
stored worldwide will amount 350,000 t of heavy metals in
2020 [1]), or for high level waste disposal in the countries where
spent fuel is reprocessed (the reprocessed spent fuel will amount
120,000 t of heavy metals worldwide in 2020 [1]). Public accep-
tance of nuclear energy is strongly affected by the proposed
solutions for these sensitive issues. Today’s strategy for the back
end of the nuclear fuel cycle varies from one country to the other
[2–4]. However, whatever option will be chosen, i.e. reprocessing
and recycling or direct disposal, potentially following interim stor-
age, the nuclear waste will have to be safely stored for long periods
of time.While nuclear fuel in reactor undergoes signiﬁcant restructuring
due to the radiation effects from ﬁssion and to high operating tem-
peratures [5], the radiation and temperature environment for spent
fuel out of reactor is substantially different. After decay of the pre-
dominantly beta-decaying short-lived ﬁssion products, the spent
fuel will be subjected primarily to alpha-decay self-radiation
damage and radiogenic helium accumulation at near ambient
conditions, where completely different atomic level processes will
dominate for millions of years. Fig. 1 shows as an example the
alpha-dose evolution, hence helium production, during time for dif-
ferent types of nuclear fuels. Thus, the spent nuclear fuel available
and characterized today is not representative of the structure and
state of aged fuel after hundreds or thousands years of storage
because it has not yet experienced a signiﬁcantly long accumulation
of microstructural defects and of helium due to alpha-decay [6].
Because of the handling, transport and storage of spent fuel, it is
of critical importance to study the aging of these materials in order
to predict their long term behaviour and risk to the biosphere. The
goal is to understand and assess the processes responsible for the
alteration of materials subject to radiation damage in view of their
long term integrity. The foremost alteration process is associated
with the build-up of radiogenic helium and alpha-damage that
could cause early material degradation and enhanced corrosion
0.01
0.1
1
10
100
1000
100 101 102 103 104 105 106
1017
1018
1019
1020
1021
1022
0.12 dpa
100 dpa
4 dpa
al
ph
a-
de
ca
ys
.g
-1
Storage time, y
0.02 dpa
MOX (45% Pu) 60 GWd/tM
UO2 100 GWd/tM
UO2 40 GWd/tM
 d
pa
Fig. 1. Helium production and related alpha-dose as a function of time in different
nuclear materials i.e. fuels of different composition and burnup. The equivalent
damage is indicated as displacements per atoms (dpa) on the right ordinate. The
green dashed lines indicate some examples of age correspondence between the
studied samples and different types of aged nuclear fuels (see also Table 1 for a
detailed sample description). (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)
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prime importance in assessing its long term mechanical stability.
An increase of about 20 bars, in addition to the 25 bars of helium
present at the beginning of irradiation, has to be accounted for in
the fuel rod after a typical irradiation of a UO2 fuel at a standard
burnup. About 55% of this pressure increase is due to swelling of
the fuel and consequent decrease of the free volume. If helium is
generated during storage and not retained in the fuel, it will
increase further the pressure. If disintegration of the fuel pellet
occurs, additional gas will be released to the free volume from
the opening of pressurized bubbles with a small compensation
from the pores to the overall new free volume. This aspect would
be more critical for fuel containing more shorter living actinides,
as is the case for example for MOX fuel which in turn will produce
more helium during storage (see Fig. 1). As a matter of fact, the
cladding, which constitutes in some operational approaches the
ﬁrst conﬁnement barrier after the fuel pellet in case of interim or
long term storage, and should withstand over-pressurisation due
to the production of helium in case it is released because of fuel
embrittlement. For example, the production of 1020 He g1 in a
MOX (burn-up 40 GWd t1) fuel after 10,000 years would result
in an increase of 50 bar of total pressure if one assumes a free vol-
ume of 20 cm3 in a cladding tube and a total release of He from
the spent fuel pellet.
Increases in lattice parameter induced by the accumulation of
gas and of defects from alpha-decay might cause swelling of theTable 1
Samples* used in this study and measured properties.
Sample Original
composition
Age (y) Damage
(dpa)
Alpha-decay events
(a g1)
Bubbles
Mean
radius
(nm)
UO233 (U0.9233 U0.1)O2 5 105 3.8  1014
UO-01 (U0.999238 Pu0.001)O2 9 0.02 7.6  1016
MOX40 (U0.6239Pu0.4)O2 12 0.12 4.7  1017
UO-10 (U0.9238Pu0.1)O2 16 4 1.7  1019 1.2
RTG1 (238Pu0.9, Pu0.1)O2 30 100 3.6  1020 2.5
T4 ([73]) (U0.33,Th0.67)O2+y 550  106 170 7.2  1020 3
U2 ([73]) (U0.92,Th0.08)O2+y 220  106 130 5.8  1020
* For T4 and U2 the lattice swelling values are taken from the indicated references.spent fuel and its early failure. Interactions between the radiogenic
helium formation and the defects produced by alpha-particles and
recoil nuclei need to be understood to predict the evolution of the
system. Aged spent fuel is not available today it can only be simu-
lated by accelerated aging of materials with a structure compara-
ble to fuel or by studying natural analogues having cumulated
high alpha-dose [7,13–16].
After irradiation in a nuclear reactor the fuel has experienced
about 4–5% of ﬁssions and the formation of ﬁssion products (FP)
that modify the chemical composition and microstructure of the
fuel. However, part of the inventory of the FP is segregated from
the UO2 matrix. The gases are typically precipitated into bubbles
with sizes between nm and lm as function of their radial position
(temperature during irradiation). The ﬁve metal particles mainly
composed of Pd, Ru, Rh, Tc and Mo and have sizes ranging between
nm and lm also depending on the irradiation temperature [17].
The residual activity dominated by beta and gamma decay gener-
ates a decay heat of 1 kW/t ten years after discharge while after
10,000 years the activity will be predominantly caused by alpha-
decay generating a decay heat of about 20W/t [18]. At discharge,
in a LWR fuel with a burn-up of 40 GWd/t having a residual tem-
perature of 500 K, the thermal conductivity has decreased by
50%, from 5.8 Wm1 K1 as in fresh fuel to 3.0 Wm1 K1 [19].
The lower the temperature of the fuel the higher is the degradation
of the thermal conductivity. However, since the total thermal
power decreases with time, in wet storage conditions the fuel tem-
perature will not exceed 473 K, which would even be the limit in
dry storage conditions after a few decades [20]. For comparison
our 238PuO2 sample (see Table 1) has a decay heat of 350 mW/g.
The oxygen potential of the fuel is almost close to the one of
stoichiometric fresh fuel even if locally there can be slightly
sub-stoichiometric domains.
The study here will therefore have some limitations but no
other systems as those studied here could help to assess the basic
and dominant effects responsible for the spent fuel structural deg-
radation due to damage formation. In their paper, Janeczek et al.
conclude that the natural analogues can exhibit similar properties
as spent nuclear fuel like identical structure, high resistance to
radiation damage, similar behaviour during oxidation, etc. [15].
This paper will also evidence a similarity of the microstructure of
alpha-doped UO2, spent fuel and natural analogues.
This study has been mostly performed on UO2 based samples
doped with different concentration of strong alpha-emitters (e.g.
238Pu) enabling to cumulate on a laboratory time scale alpha-dose
representative of spent fuels aged up to millions of years. To take
into account the kinetic aspects for the build-up of high damage
levels and large quantities of heliumwe have also investigated nat-
ural analogues as described Table 1. The multiple microstructural
aspects having a direct or indirect link with the formation orSwelling (%) Thermal desorption
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ing fuel with the alpha-doped materials. It should be noticed that
the spent fuel after irradiation contains ﬁssion products, some
being precipitated (in metallic, gaseous or ceramics form) some
being, like the transuranium elements produced by neutron cap-
ture, integrated in the ﬂuorite structure of UO2. The presence and
potential implication of some of these microstructural features will
also be discussed.
The ﬁssion gases produced in a typical UO2 fuel (45 GWd t1)
represent a concentration of 4  1019 at g1 while it can be calcu-
lated that for the same fuel the helium would be in comparable
concentration after more than 100,000 years. The relation between
the additional production of helium next to the ﬁssion gases in a
typical fuel and its possible effect on crack initiation has been
extensively discussed by Ferry et al. in [21,22]. The critical pressure
would be achieved for helium quantities less than 5  1019 at g1
for 10 nm sized bubbles to cause crack initiation so only after pro-
longed disposal time. In these papers it is also shown that typical
mechanisms for bubble growth are not active at expected temper-
atures of disposal (plastic deformation and migration of vacancies
are not relevant at 200 C). The temperature in the repository,
hence kinetic effects, might be neglected in a ﬁrst step in this
discussion.
However, it is important to consider the evolution of the
mechanical properties (hardness, fracture toughness) [23] and
alpha-damage induced microstructure changes when speculating
about the long term effect of helium and alpha-damage production
in spent fuel and these parameters have never been considered
based on experimental data. This paper addresses the combined
issue on alpha-damage and helium behaviour based on experi-
ments performed over a range covering 6 orders of magnitude of
alpha-doses hence for a corresponding spent fuel aged up to max-
imum 100,000 years. Only little evidences on damage effects are
available for this broad range of alpha-doses (on a system with
homogeneously distributed alpha-damage) apart from natural
analogues for the extreme high doses. Provided that one can
neglect the chemical aspects related to the spent fuel composition
the evolution due to alpha-decay would be the more signiﬁcant
source of spent fuel evolution in a ﬁrst attempt. Based on our
experimental ﬁndings it will be shown that the alpha-damage
combined with radiogenic helium production could be detrimental
to spent fuel integrity under speciﬁc conditions.2. Experimental
2.1. Samples fabrication
In order to cover a broad range of cumulated alpha-dose repre-
sentative of spent fuel aged from a few decades to some mille-
naries several samples of very different nature have been
synthesised or natural analogs used. Uranium dioxide respectively
doped with 0.1 (UO-01) and 10 mol% (UO-10) of 238Pu, a fast
decaying isotope (87.74 a) to accelerate the radiation effects,
238PuO2 recovered from a radioisotopic thermoelectric generator
(RTG), MOX40 a fresh (Ux,Pu1x)O2 fuel with 40% (1x) of 239Pu
but also 233U-doped UO2 hence with a very low cumulated
alpha-dose but corresponding to a dose rate equivalent to a stan-
dard fuel at discharge [24]) were used. A sol–gel technique was
used to ensure an intimate mixing of the a-emitters with the
UO2 matrix [25]. Microscopy characterization showed no evidence
of a Pu-rich phase or of Pu-agglomerates in the UO-01 and UO-10.
The composition of the doping oxide and the fabrication procedure
of the sintered pellets have been described previously [26]. Com-
parison of properties evolution as a function of time/decay damage
accumulation between alpha-doped UO2 with different activitylevels showed very similar trends [23]. These results clearly indi-
cate that within the range of material activities and dose rates con-
sidered the evolution of microstructural defect populations and
macroscopic properties is not affected by the rate at which the cor-
responding levels of damage are acquired. This constitutes an
important validation of the experimental approach used to investi-
gate the long term behaviour of spent fuel based on the use of
materials loaded with homogeneously distributed short-lived
alpha-emitters.
Table 1 lists the samples studied here by the different tech-
niques presented hereafter. It should be noted that all the samples
studied here have homogeneous alpha-damage distribution as
opposed to implanted specimens having more isotropic damage
zones. In Fig. 1 some equivalence between helium/alpha-dose
and different types of spent fuels for the samples studied here
(black dots) are indicated.
In addition to the sample fabricated in ITU some experimental
results are also reported for an urano-thorianite sample from Sri
Lanka aged of 550 million years (as determined from the U, Th
and Pb composition) analysed by thermal desorption spectrometry
and scanning Electron microscopy. In this sample and assuming
full retention the helium content was 0.5 wt% and the damage level
170 dpa. The sample contained only very low concentration of Si
and other impurities and was not amorphous.
2.2. X-ray diffraction
The XRD analyses have been performed on a Bruker D8 X-ray
diffractometer mounted in a Bragg–Brentano conﬁguration, with
a curved Ge monochromator (111), a ceramic Cu X-ray tube
(40 kV, 40 mA) and a Vantec position sensitive detector covering
6 in 2h. Scans were collected from 20 to 120 in 2h using
0.0086 step-intervals with counting steps of 5 s. Unit cell
parameters were reﬁned on powdered samples by a Le Bail-type
method using the Fullprof software [27,28]. The lattice parameter
increase results calculated from the spectra measured over more
than 15 years are shown in Fig. 2. The dose range as indicated in
Table 1 covers 7 orders of magnitude and varies from 105 to
170 dpa for the different samples. In the graph of Fig. 2 are also
reported some data taken from the literature for comparison and
complementarity.
2.3. Thermal desorption spectroscopy
The helium thermal desorption has been measured by a Knud-
sen-cell type setup i.e. a tungsten cell with a pinhole, heated by a
resistance furnace and connected to a quadrupole mass-spectrom-
eter [29]. The quantity of helium has been deduced from the sep-
arate quantitative measurement (when performed, see Table 1)
of the helium desorbed after collecting the gas in a separate vessel
and having spiked it with calibrated volumes of helium-4. The so-
called Quantitative Gas MEasurement Setup (Q-GAMES [30]) has a
sensitivity of 1011 moles. The dynamic range of measurement is
between 1011 and 105 mole with relative error below 2%. The
system design allows following of the kinetics of release processes
[31]. Fig. 3 shows that the helium release from the 30 years old
PuO2 specimen (RTG1) starts at 800 K and increases until 950 K
before decreasing in a continuous way until 1500 K where it shows
a second release peak much smaller than the ﬁrst one ending at
1700 K. It was shown that the porosity of the sample is high and
grain boundaries are systematically open [32]. In the same graph
there is a schematic curve of helium release that was measured
from an urano-thorianite specimen from Sri Lanka aged of 550 mil-
lion years (sample T4). The release starts at 800 K, is more promi-
nent at 1000 K and is complete at 1350 K. The burst observed
during the helium release has been attributed to the fragmentation
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lists the helium quantities generated and measured in the different
samples. It also indicates for two of the samples presented here
(RTG1, UO10) the remaining quantities of helium whose thermal
release proﬁle are shown Fig. 3. Table 1 summarizes also for these
sample the concentration of bubbles that has been measured from
TEM examination (see next paragraph) and the temperature onset
for helium release.2.4. Electron microscopy
The scanning and transmission electron microscopy observa-
tions were performed on a Philips XL40 SEM, a Hitachi H700 ST
TEM and a FEI Tecnai G2 TEM. The three instruments have been
adapted for the examination of highly active or irradiated nuclear
materials [33,34].
The XL40 SEM (high voltage unit, column, chamber and turbo-
molecular pump) is mounted inside a glove-box and the primary
vacuum system, water cooling circuit and acquisition electronic
are placed outside.
In the Hitachi TEM the goniometer has been tightened and the
transfer of the sample holder is made via a double deck systemconnected to a glove-box. The Hitachi TEM is equipped with a TRA-
COR Northern TN5500 energy dispersive X-ray analysis system.
The Tecnai G2 has been modiﬁed during its fabrication. A ﬂange
has been inserted in the octagon hosting the objective lenses. A
glove box has been mounted on this ﬂange around the compustage.
The glove-box is equipped with a La Calhène DPTE transfer sys-
tem i.e. a double door allowing conﬁnement of contamination.
The sample holders are loaded in the preparation glove-boxes
equipped with dimpler, ultra-sonic disk cutter, ion-milling, elec-
tro-chemical etching devices and plasma-cleaner. The Tecnai G2
TEM is equipped with a GATAN Tridiem GIF camera, an EDAX
energy dispersive X-ray analysis system, a tomography suite and
a HAADF detector for the STEM imaging [34].
The samples for the TEM investigations are prepared by crush-
ing tiny fragments of selected fuel samples in methanol. The result-
ing suspension is left for decanting and a droplet is subsequently
deposited on a copper grid coated with carbon.
Bright ﬁeld images have been collected to visualize the pres-
ence of bubbles and of extended defects. The thickness of the sam-
ples used for the determination of the bubble concentration has
been estimated from moiré fringes in TEM images.
Fig. 4 shows three TEM bright ﬁeld micrographs from the UO-10
(a), the 238PuO2 (b) and from the old urano-thorianite sample T4,
respectively (c). A dense concentration of intra-granular helium
bubbles is found for the three specimens whose means size and
concentration are listed in Table 1. Fig. 5 shows two more TEM
bright ﬁeld micrographs of UO-10 after 4 dpa and RTG1 after
110 dpa respectively. The two materials shows the formation of
dislocation loops (indicated by white arrows). For the RTG1 sample
some loose nanometer sized grains were also observed.2.5. Vickers Hardness measurements
Periodic hardness measurements have been performed on the
UO-01 and UO-10 samples. A load of 0.1 N was applied. It is inter-
esting to notice as shown Fig. 6, that the curves of the two types of
samples having a 100 activity difference show a very good dose
correlation hence not kinetically governed (up to this time scale).3. Discussion
3.1. Lattice swelling from damage accumulation
In this study we focus on the fundamental aspects of gas-in-
solid diffusion, precipitation and interaction with defects that is
relevant to predicting the radiation ageing of spent nuclear fuel.
The damage dose is expressed as displacements per atoms (dpa),
related to the number of atoms displaced from their original lattice
site, and allows comparison of damage accumulation from differ-
ent sources and particle energies. The total number of displaced
atoms has been calculated using the SRIM code [35] with a dis-
placement energy of 20 and 40 eV [36] for oxygen and uranium
atoms respectively. Fig. 1 shows for example the cumulated
alpha-dose, hence helium formed, for different types of nuclear
fuel as function of the storage time. The blue dots in the graph indi-
cate possible equivalences of dose between the samples studied
(see Table 1) and some real fuels.
Alpha-decay damage results from the simultaneous emission of
a 100 keV recoil nucleus and of a 5–6 MeV alpha-particle, which
together produce about 1750 displacements in UO2 and result in
the formation of Frenkel pair defects and one helium atom per
decay. The point defects accumulate in the lattice and may recom-
bine, annihilate at microstructural features, (e.g., grain boundaries,
bubbles, voids, or dislocations) or precipitate as extended defects,
such as clusters, dislocations or gas bubbles [31,37]. Previous work
(a)
50 nm
(b)
50 nm
(c)
Fig. 4. TEM bright ﬁeld images of (a) the UO-10 sample showing bubbles of about 1–2 nm diameter and dislocation loops of 5 nm (b) RTG1 Plutonium oxide showing the
presence of numerous helium bubbles of about 5 nm diameter and of dislocation lines and (c) a thorianite specimen from Sri Lanka aged of 550 million years with helium
bubbles with an average diameter of 6 nm.
Fig. 5. TEM bright ﬁeld images of (a) UO-10 after 4 dpa and (b) RTG1 after 100 dpa. The alpha-damage in (a) are dislocation loops and (b) dislocation loops and loose
nanograins (dislocation loops are indicated with white arrows on both TEM micrographs).
Fig. 6. Vickers Hardness evolution of 238Pu-doped UO2 samples as a function of
cumulated alpha-damage (dpa).
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alpha particles [38] and implanted heavy ions, including U ions
[39] in UO2, revealing both instantaneous defect recovery (i.e.,recombination within the time frame of the collision cascade
formed by the alpha-decay) and thermal recovery of defects [9].
We report here on the lattice parameter measurements of the
samples listed in Table 1. The lattice parameter, for a natural tho-
rianite sample (T4) from Sri Lanka, which has been studied here by
helium desorption spectrometry and by TEM, and for uraninite
(U2) is reported from a published value.
In the actinide dioxides (PuO2, AmO2, CmO2) with the ﬂuorite
structure, there is a homogeneous distribution of alpha-decay
damage leading to a rapid saturation of the lattice parameter
[40–43]. In the experiments of Chikalla and Turcotte [41] lattice
expansion saturation 0.3% is observed. This value is in substantial
agreement with the measurements of Noe and Fuger [40] in vari-
ous systems, where a lattice expansion at saturation of 0.28%
was measured. In a recent work of Kato et al. the lattice increase
of MOX fuel was measured to be 0.29% [44]. In the work of Roudil
[32] the lattice parameter of (U0.75,239Pu0.25)O2 stabilized at a value
corresponding to relative increase of 0.27%. The lattice expansion
at saturation of a sample pre-annealed at high temperature
(1540 C), hence having no initial point defect damage or helium
content, was reported to be 0.32% by Turcotte et al. [45]. Results
from the present study and from literature as plotted in Fig. 2 dem-
onstrate that further increases beyond the previously accepted sat-
uration values of the lattice parameter for (U,Pu)O2 compounds
(maximum 0.4% for actinide oxides) are possible. Also external
T. Wiss et al. / Journal of Nuclear Materials 451 (2014) 198–206 203irradiation by only alpha-particles showed that a lattice parameter
change of 0.8% can be attained for single crystal UO2 [46] and the
absence of dense cascades from recoil nuclei to annihilate some
of the defects formed was provided as an explanation.
The ingrowth of (point defect) damage can be described by a
simple exponential function, which in the case of the lattice
parameter change, Da/a0, can be described [47] by:
Da=a0 ¼ Að1 eBDÞ ð1Þ
where D is the alpha-dose in dpa, A is the saturation value of (a/a0),
and B is an effective recombination volume.
Each alpha recoil atom and each alpha particle creates high con-
centration of Frenkel pairs via atomic displacement cascades
within a characteristic crystal volume. But the crystal structure is
maintained due to instantaneous recombination of randomly-
occurring closely-spaced interstitial-vacancy pairs. A portion of
point defects is also eliminated by capture at traps such as grain
surfaces, if a defect is created within a species-sensitive critical
capture distance [48]. Thus, at ambient temperature, the residual
concentration of point defects is kept unchanged over time within
the damaged regions of the crystal. The B value integrates an aver-
age crystal volume damaged by a single alpha decay event (alpha
particle and recoil nucleus) averaged on several actinide dioxide
compounds [48] yielding a value of 490 ± 110 nm3.
The value A can be inﬂuenced by specimen history [42,45]. A ﬁt
of Eq. (1) to the data from this study (in dpa units) is shown in Fig. 2.
The saturation value for the lattice parameter increase is 0.6%,
which lies between the saturation values reported for alpha-dam-
age only (less recombination, high lattice parameter change) and
the values based on alpha decay in actinide dioxides [43].
The relation between the value of the lattice parameter and the
concentration of defects is still a matter of investigation. A refer-
ence can be taken from the known variation of the lattice parame-
ter in non-stoichiometric (U,Pu)O2, from which an estimate of the
magnitude of the oxygen vacancy concentration can be obtained.
The lattice parameter is 5.47065  101 nm for UO2 [49] and
5.39580  101 nm for PuO2 [50]. The lattice parameter of
(U,Pu)O2 can be predicted using Vegard’s law. According to Duriez
[51] and Ohmichi [49] the increase rate of the lattice parameter of
(U,Pu)O2x as a function of stoichiometry deviation (oxygen vacan-
cies) is da/d(O/M) = 32  103 nm. A reasonable approach can be
based on the lattice parameter variation in hypo- and hyperstoi-
chiometric UO2+x where literature data indicate a lattice contrac-
tion in the presence of extra-oxygen [52] and consequent
formation of U+5 ions: a = 0.54705–0.01306 x nm and a dilation in
the presence of oxygen vacancies: a = 0.547065 + 0.032 x nm. Com-
bining these two correlations for stoichiometric UO2 containing x
oxygen Frenkel pairs, one obtains: a = 0.54705 + 0.019 x and
Da = 0.019 x nm. The number of Frenkel type defects could there-
fore be estimated from the lattice parameter values [37]. For exam-
ple the UO-10 sample with a damage of 0.15 dpa would have
formed 3  1020 oxygen defects per cm3 to be compared to
7  1021 defects from calculation by SRIM [35] but not taking into
account instantaneous healing. The remaining 4% of defects would
correspond to what is estimated from molecular dynamics calcula-
tion such as in the paper of Van Brutzel et al. [53]. This assumption
remains valid in the case where the fuel remains stoichiometric,
which is highly probable for irradiated fuel because of buffering
of the oxygen potential through the molybdenum present as a ﬁs-
sion product [20]. The natural analogues, for example uraninite, are
hyper-stoichiometric, and a contraction of the lattice is observed
[54]. If one considers the integrated damage for two extreme
kinetic cases like the natural analogues and 238PuO2, the respec-
tively lowest and highest expectable values of Da/a0 for high dpa
can be derived. This is one of the major parameters to take intoaccount when trying to estimate the maximum lattice swelling
which can be expected from the lattice during storage. A lattice
swelling of 2.2% corresponding to a lattice parameter increase of
0.8% has been found as being a reasonable maximum value. The
natural analogues like the urano-thorianite have exhibited a lower
lattice swelling of 1.5% despite a slightly higher damage rate [7,55].
But in this kind of natural hyperstoichiometric samples, the pres-
ence of rare earth elements and O interstitials can also lead to a
contraction of the lattice.
In the preceding discussion, the presence of helium has not
been taken into account. Helium could interact with vacancies to
nucleate bubbles, which would then become potential sinks for
additional vacancies produced from alpha-decay. With a preferen-
tial sink for vacancies, the excess interstitials could lead to swelling
that exceeds what has been measured so far. Transmission electron
microscopy (TEM) of the current 238PuO2 sample conﬁrms the
presence of helium bubbles that probably acting as sinks for the
vacancies. In a He-implantion study, Debelle et al. [56] assume that
the formation of radiation-induced self-interstitial defects and of
small He-vacancy complexes is at the origin of the strain and stress
build-up measured. Both strain and stress magnitudes increase as a
function of helium ﬂuence until high levels are reached followed
by a relaxation of the elastic strain [56]. The formation of extended
defects arising from a self-reorganisation process of interstitial
defect clusters and inducing a plastic relaxation, appears to be
the most likely mechanism to account for this strain relief [56].
The observed increase of lattice parameter as function of the
cumulated alpha-dose in the UO10 and RTG1 sample would corre-
spond to this explanation, i.e. an increased contribution from point
and extended defects and from tiny bubbles. In the T4 sample the
formation of some larger bubbles (for approximately the same con-
centration) would support the fact that the contribution from
strain is lower hence the lattice parameter is a bit lower (besides
the contribution from hyperstoichiometry). However, the overall
material swelling has to be considered and at very high alpha dose
it appears that the swelling from bubbles would be dominant.
3.2. The effect of temperature
Annealing studies that we performed on the UO2 specimens
doped with alpha-emitters show that recovery of the lattice
parameter is complete at 1100 K, with the major recovery occur-
ring between 600 K and 900 K. The annealing of PuO2 samples
whose lattice expansion has reached saturation occurs in two steps
starting at 725 K. Isochronal anneals revealed an increased ease of
recovery with increasing helium concentration. Weber [47]
described two recovery stages for self-damaged PuO2, the ﬁrst
occurring at 725 K (with an activation energy of 1.9 eV) corre-
sponding to oxygen-interstitial diffusion and the second at 950 K
(with an activation energy of 2.5 eV) corresponding to Pu-vacancy
diffusion.
The interaction and clustering of interstitials leads to the forma-
tion of interstitial dislocation loops, thereby preventing intersti-
tials from annihilating with newly formed Frenkel defects. This
has been conﬁrmed by the TEM observation of interstitial disloca-
tion loops in the 238Pu-doped UO2 samples (see Fig. 4 for example).
The evolution from loops to dislocations with formation of sub-
grains can be another source of material reorganisation as shown
in [57,58]. This is a phenomenon observed in irradiated fuel known
as the formation of high burnup structure i.e. a porous zone at the
periphery of the irradiated fuel where the original grains are split
into thousands of smaller grains [59]. Recovery studies in ﬁssion
damaged UO2 and alpha-damaged UO2 have shown that recovery
kinetics are controlled by the same activation energies highlighting
the similarity of the defects formed [60]. The recovery of the lattice
parameter has been attributed to the migration and annealing of
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tering at sinks (grain boundaries, voids, dislocations, etc.).
Annealing of defects can occur by self-diffusion during the time
considered for waste disposal. Coefﬁcients corresponding to ther-
mally activated diffusion were reviewed from literature data for
O, U (self-diffusion coefﬁcients), ﬁssion gases and other ﬁssion
products [61]. Data showed that thermal diffusion was irrelevant
at the temperatures expected in repository conditions. The ather-
mal or radiation enhanced diffusion of various atomic species have
been estimated by Ferry et al. [62] who concluded that it would be
very negligible, at least for 10,000 years. The U (controlling) and O
self-diffusion [61] could however compensate the lattice swelling
and stabilize the bubbles by creep but the overall swelling, mostly
attributable to gaseous swelling has to be taken into account when
considering the next barrier (cladding).
From these various annealing studies it can be concluded that
mechanisms governing the radiation damage healing will not oper-
ate at the temperature of a repository (max. 500 K).
3.3. Bubble formation and embrittlement
The total swelling and the pressure in the system cladding/
packaging is determined by the structural integrity of the fuel pel-
lets, the gaseous and lattice swelling and the diffusion of the
helium under repository conditions in general. The solubility of
helium in the UO2 lattice measured at 1500 K follows Henry’s
law and is very low 2  1017 mol g1 Pa1 [63,64]. Whether
the radiogenic helium will be kept in the dense structure or be
released from the grains will affect the gas pressure that will be
exerted on the next conﬁnement barrier i.e. the cladding. If the
helium precipitates mostly in the grain boundaries, the eventual
loss of integrity would have the same effect.
When present, bubbles could host the helium but as can be seen
in the minerals, even with slow kinetics, a pattern of nanometer
sized bubbles appears and not all the helium will necessarily pre-
cipitate in the existing ﬁssion gas bubbles but rather form new
nanoscale bubbles. Helium implantation experiments of UO2 single
crystals did not reveal formation of visible bubbles until annealing
at 870 K, when bubbles of 25 nm developed [65]. However, as we
have observed in the UO-10 samples, helium bubbles could be vis-
ualised only above a size of about 1 nm, which suggests that
helium bubbles may not form or be observable below a helium
concentration of the order of 5  1018 helium atoms g1. With a
low diffusion coefﬁcient, this would imply that microcracking
could occur if the fracture stress, rF, is surpassed due to further
gas precipitation in non-equilibrium pressurized bubbles. The
pressure in the smallest bubbles could be the highest (a rough cal-
culation considering that all the helium kept in the 100 dpa RTG1
would precipitate into the as observed 2.5 nm bubbles would lead
to a pressure as high as 1.8 GPa) and given their high density,
microcracking could be initiated in the pellet. The pressure of such
bubbles could surpass the critical pressure to have fracture stress
as described in [13,21] since the fracture toughness of aged spent
fuel that can be linked to alpha-damage has never been measured.
Since a non-negligible fraction of helium will precipitate in
nanometer sized bubbles, as shown in this work, it could also be
speculated that in dense parts of the spent fuel, local stresses
caused by the pressurized gas will induce micro-cracking and par-
tial loss of integrity. The fracture stress of the material is high, but
if the stresses cannot relax, it may result in local embrittlement.
Fig. 6 shows the Vickers Hardness measurements performed on
the two types of samples UO-01 and UO-10 over about 3000 days.
The damage level ranges between 104 and 4 dpa corresponding to
LWR spent fuel aged between End Of Life (EOL) fuel activity (after
discharge) and 20,000 years. Two major conclusions can be drawn.
The dose rate has no effect in the variation of the Hardness but onlythe cumulated dose, validating our approach [23]. The maximum
value is attained at 0.1 dpa corresponding to a standard LWR fuel
after 40 years. If the increase in Hardness (but also in tensile
strength) can be correlated to lowering of toughness it must be
considered that brittle fracture could occur in the denser part of
the fuel. It is recognized that the situation is opposite in the exter-
nal part of the fuel (HBS) were the sub-division of the original fuel
grains into thousands of smaller grains occurs. As also reported by
Ferry et al. [22] the porous High Burnup Structure should have a
beneﬁcial behaviour against bubble over-pressurization due to
radiogenic helium production. It is, however, also stated that in
the central region of the fuel the hardness is maximum. The mea-
surement available so far do even not account for the equivalent
alpha-damage as reported in the present study. The contribution
of the alpha-damage has then to be taken into account in conjunc-
tion with the helium production, and even at low aging times it
would become an assessment criterion for fuel stability. In partic-
ular a theoretical stress analysis has been performed on the UO-10
sample showing that the interstitial dislocation loops observed by
TEM act as stress sources [66]. The fate of the spent fuel has to be
correlated to helium formation but also to the change in mechan-
ical properties due to radiation damage. This combination of both
effects over a broad equivalent time scale as reported in this paper
has never been considered earlier.
3.4. Helium thermal desorption
The helium thermal desorption from systems with different
content of helium and damage level has been performed in this
study as shown Fig. 3. The release of helium occurs in several steps
starting at a temperature of 800 K for the more damaged speci-
mens (RTG1, T4). The release of the helium is strongly affected
by the microstructure and the presence of defects. The initial grain
size or particle size and the potential disintegration of the original
structure of the fuel are thus key parameters for the determination
of helium release. Although the thermal diffusion of helium is
some orders of magnitude faster than that of other noble gases like
e.g. xenon (relevant in case of spent fuel storage/disposal), it
remains low in the temperature range expected for storage and/
or disposal [10,21] (8  10-7 exp(167 kJ mol1/RT) [67]). When
the production of He exceeds its solubility in the matrix, helium
can form bubbles or precipitate at sinks like pores or vacancies
complexes. It also can be trapped at point defects whose
concentration and mobility in turn would affect the diffusion of
helium [68]. Our helium solubility measurements [31] in UO2 have
yielded values closer to those mentioned by Sung [64] i.e.
5  108 cm3 g1 MPa1 rather than by Rufeh et al. [63]. The
solubility follows Henry’s law and represents only 2% of the inven-
tory of a MOX fuel irradiated at 47 GWd t1 and helium could be
inserted in the most probable stable site [69] i.e. the octahedral
cavity of the ﬂuorite structure. This solubility is very low compared
to the total quantity of gas generated at the scale of storage times
that it is not further discussed here.
Several experiments on helium thermal desorption have been
performed in the past. Isothermal helium release experiments
were performed by mass spectrometry on 238PuOx from Radioiso-
topic Thermal Generator (RTG) used for space applications [68]
using samples with particle size range 177–210 lm and 74–
88 lm, respectively. The effective diffusion parameter determined
from 14 steady-state release experiments did not depend on the
size of the microspheres indicating that the diffusion length is
much smaller than the microspheres. The experiments showed
that about 65% of the total inventory of the helium produced over
10 months was retained. From these experiments it could be
determined that helium release is complete at 1600 K within
10–20 min. The diffusion of helium showed two regimes [68] one
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that helium diffuses with low activation energy through anionic
vacancies resulting from damage, whereas at high temperature it
diffuses and/or as bubbles by vacancy diffusion controlled by Pu
diffusion in PuO2.
In a more recent paper, El-Genk et al.[70] have estimated the
gas release from 238PuO2 fuel particles for radioisotope heat
sources and heater units. The release mechanisms of helium in/
from small-grain (7–40 lm) plutonia pellets was reviewed and
the applicability of these mechanisms for large-grains (>300 lm)
fuel kernels was examined. In transient-tested pellets (small
grains), the release rate increases and the fraction released
depends on the maximum temperature reached during the tran-
sient. The experiments showed that no signiﬁcant release occurred
below 900 K. The apparent diffusion coefﬁcient depended on the
available surface area, the temperature reached and the initial
helium inventory. In experiments with 7-month old plutonia sam-
ples (30–50 lm grains) heated slowly to 1300 K, a sequence of pro-
cesses leading to helium release was described as follows:
 A region below 900 K where less than 1% of the helium inven-
tory was released by atomic diffusion.
 A region up to 1150 K with growing intergranular bubbles and
trapping of helium at triple points of grains before interconnec-
tion/coalescence of bubbles (additionally to atomic diffusion).
 Formation of networks of open tunnels causing some grain
separation.
Mulford and Mueller [71] measured the helium release of plu-
tonia pellets aged between 6 months and 2 years by isothermal
heating to 1273–1873 K up to 12 h. Below 1273 K or after very
short time at higher temperatures, tiny bubbles had formed. Fur-
ther heating produced larger bubbles often resulting in complete
saturation of the grain boundaries. Precipitation at the grain
boundaries can enhance gas desorption through tunnels and fur-
ther embrittle grain boundaries leading to their potential de-
cohesion.
The helium release from small-grains at 1723 K would be 80%,
decreasing to less than 10% at 1042 K, whereas the release from
large grains could be as low as 0.8% at 1042 K. The helium
desorption from a 25 years old 239PuOx pellet showed a rather
low activation enthalpy 1.7 eV for helium atomic diffusion. Up
to 80–90% of the helium inventory was retained. Embrittlement
of the original pellets during storage was observed [67].
The behaviour of helium has also been described for old
(550 million years) natural uranium dioxide samples [14] in which
helium bubbles are organized in constellations or honeycomb
stitches. The total quantity generated is of about the same order
of magnitude as in RTG1 (238PuO2) sample showed in this work
(see Table 1) whereas the age of the specimens varies by more than
6 orders of magnitude. The ﬁnal distribution of bubbles is rather
similar with bubbles of radii between 2 and 3 nmmostly and some
few larger bubbles of about 10 nm radius for the thorianite. In
other natural uranium oxides [14] the helium bubble size, gener-
ally about one nanometer, can also reach ten nanometers in some
aggregates. If one considers the changes in volume due to gas bub-
ble formation, the two samples show again similar volume swell-
ing. The contribution to swelling from helium accumulation
seems to be the major part as compared to lattice swelling. The
(partial) recovery of the lattice parameter at very high damage lev-
els might lead to spent fuel remaining whole or intact, as is found
for minerals. However, these helium bubble containing minerals
exhibit sudden disintegration into small powder particles during
annealing at 1050–1100 K that is associated with signiﬁcant, but
not complete, release of He and is apparently caused by the large
internal pressure due to He-accumulation. This disintegration isso violent that many powder particles are expelled out of the cru-
cible containing the mineral. The disintegration of thorianite dur-
ing heating between 973 and 1213 K has previously been
observed by Barnes et al. [72] and they concluded that the over-
pressurization of ﬂaws in the mineral could cause the observed
fragmentation.
Embrittlement by helium migration to and along the grain
boundaries causes release of a fraction of the helium. But as shown
in Fig. 1, the maximum quantity of helium that will be generated in
any conventional spent nuclear fuel is less than that already
attained in the 238PuO2 sample. Only actinide rich (MOX) fuels
could potentially cumulate higher quantities of helium, but in very
long (>106 years) time. Natural analogues can also be compared
from a kinematical point of view, and a partial helium retention
capability has also been shown.
Also for heliummigration little mobility at the disposal temper-
ature is to be expected and hence the formation of bubbles as
observed in our experiment should be considered. The diffusion of
helium has been studied recently in alpha-doped specimens (UO-
01) and a helium and bubble diffusion coefﬁcient estimated [73].
The spent fuel, however, already contains pores or bubbles, in part
of its structure, that have formed in amuch higher thermal ﬁeld and
under irradiation showing athermal processes for gas diffusion and
are (almost) in equilibrium in the fuel matrix after irradiation. The
additional radiogenic helium can be partially accommodated in
these existing trapping sites resulting in a pressure increase that
might not be detrimental to the integrity of the matrix. However,
dense parts of the spent fuel matrix (the highest fraction) will
cumulate this immobile radiogenic helium in newly formed bub-
bles which could be the source of micro cracks formation.
4. Conclusion
Alpha-decay damage will be the dominating effect modifying
the structure of spent nuclear fuel during long term storage. In
order to predict spent fuel behaviour, radiation ageing of spent fuel
has been studied using natural analogues and accelerated
approaches with fuel surrogates doped with strong alpha-emitters.
In this study, different alpha-damaged samples hence containing
very different quantities of radiogenic helium and alpha-damage
have been studied by different techniques to elucidate some of
the main parameters governing the spent fuel evolution in stor-
age/disposal condition. The investigation of alpha-damage by
XRD, TEM and Vickers Hardness showed that the ﬂuorite structure
is preserved but with a substantial increase in lattice parameter
(up to 0.6%), the formation of dislocation loops (4  1022 m3),
the formation of helium bubbles and an increase of the Vickers
Hardness. Thermal desorption (TDS) studies and defect annealing
studies showed that at the temperature expected for storage nei-
ther substantial recovery of defects nor diffusion of helium will
occur. Given the temperature needed to anneal alpha-defects and
to initiate helium thermal diffusion it can be expected that the
ﬂuorite type dioxides based on U and Pu will be able to accommo-
date in their structure a large part of the radiogenic helium that
will be created but, while remaining crystalline, these materials
will experience high stress levels, and it is expected that their over-
all microstructure will be perturbed by formation of these nano-
sized gas bubbles (latest after 1 dpa, hence 1000 years of storage
of standard LWR fuel) and extended alpha-damage defects (dislo-
cation loops). Based on the results presented here, such bubbles
are not expected to start forming in conventional spent fuel for
several thousand years; however, in MOX fuels, they could begin
forming within 1000 years. On the contrary it was observed that
the alpha-damage evolves rapidly even at low alpha-doses. In time,
these two effects could lead to micro-cracking and partial loss of
integrity. Consequently, the pressure exerted by the loss of helium
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elling assessment of spent fuel storage performance.
The spent fuel composition and microstructure after discharge
from the reactor would need to be considered in parallel to the
ﬁndings obtained from this study of the ageing of the fuel matrix.
Inhomogeneity in the spent fuel microstructure will certainly pro-
duce different effects and initial gas bubbles or pores distributed in
the fuel will certainly allow accommodating a certain quantity of
helium like for example the High Burnup Structure will do due to
its inherent microstructure. It is accepted that the oxygen potential
of the spent fuel will be buffered by the molybdenum. Also this
aspect needs to be considered since the phenomena of damage
and helium bubble formation modify the microstructure at a very
small scale and hence very local deviation from the O/M ratio could
have stochastic effect on diffusion, hardness or fracture toughness
with consequences on mechanical behaviour.Acknowledgements
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